Abstract. In the field of medical diagnosis, there is a strong need to determine mechanical properties of biological tissue, which are of histological and pathological relevance. Malignant tumors are significantly stiffer than surrounding healthy tissue. One of the established diagnosis procedures is the palpation of body organs and tissue. Palpation is used to measure swelling, detect bone fracture, find and measure pulse, or to locate changes in the pathological state of tissue and organs. Current medical practice routinely uses sophisticated diagnostic tests through magnetic resonance imaging (MRI), computed tomography (CT) and ultrasound (US) imaging. However, they cannot provide direct measure of tissue elasticity. Last year we presented the concept of the first haptic sensor actuator system to visualize and reconstruct mechanical properties of tissue using ultrasonic elastography and a haptic display with electrorheological fluids. We developed a real time strain imaging system for tumor diagnosis. It allows biopsies simultaneously to conventional ultrasound B-Mode and strain imaging investigations. We deduce the relative mechanical properties by using finite element simulations and numerical solution models solving the inverse problem. Various modifications on the haptic sensor actuator system have been investigated. This haptic system has the potential of inducing real time substantial forces, using a compact lightweight mechanism which can be applied to numerous areas including intraoperative navigation, telemedicine, teaching and telecommunication.
Introduction
The haptic sensor actuator system has been designed for visualization and reconstruction of mechanical tissue properties using ultrasonic strain imaging (also called elastography) with a haptic display based on electrorheological fluids [1] [2] [3] [4] . Five German institutes and companies are working in a collaborative project, proposing to develop a haptic sensor actuator system, to support a variety of applications in medicine, education and telecommunication [5] . The goals of this development are (1) to develop an accurate imaging technique which leads to absolute or a useful relative measurement of tissue elasticity parameters, (2) to improve the visualization of mechanical properties by reduction of artifacts, and (3) to reconstruct tissue properties on a controllable haptic display capable of emulating and differentiating normal and abnormal biological tissue. The general design of the haptic system is presented in the next section of this paper. Some newly designed methods and results of the real time ultrasound elastography and the tactile actuator design are described in further sections.
Haptic Sensor Actuator System
The scheme of the haptic sensor actuator system (HASASEM) which consists of a sensor head and a separate actuator array is shown in Fig. 1 . The sensor is based on real time ultrasound elastography. The elastography system is able to detect even small and far surface lesions which are not detectable by manual palpation or conventional ultrasound systems. The sensor part consists of a standard ultrasound system modified for RF-data access, equipped with a 9 MHz linear array probe and sampled by a conventional ADCcard and a desktop PC. The actuator consists of a tactile display, which has a hybrid configuration consisting of micro-machined cells containing smart fluids with electrically controlled rheological properties. Electrorheological fluids are suspensions of electrically polarizing particles in a non-conducting carrier liquid. The effective viscosity of the electrorheological fluid increases with the application of a strong electrical field. This effect is fast, reversible and can be easily exploited in the design and construction of tactile elements. Such haptically explorable arrays require up to 2 kV with very modest current levels only (typically under 20 µA per element). The need for electrical isolation between digital control outputs and high voltage inputs leads to an optically controlled element being the device of choice. This required voltage level rules out most low cost semiconductor components. Furthermore, in order to achieve the required stiffness changes, the evaluation of electrorheological fluids and actuator designs together with various modes of operation are being investigated. The actuator array is envisioned to consist of 1024 elements with a spatial haptic resolution of few millimeters, which corresponds to the resolution of receptors on the finger tip.
The haptic sensor actuator system will serve as a new base from which the potential can be deduced for various applications including virtual palpation to specify and detect subsurface hard tumors, intraoperative navigation to locate subsurface organs especially in a remote surgery, where the surgeon is incapable of palpating the tissues of interest before they are cut, and virtual training simulation for medical education.
Remote Palpation Based on Real Time Elastography
Palpation is one of the standard screening procedures for detection of breast, thyroid, prostate, and liver abnormalities. The pathological state of soft tissue is often correlated with changes in stiffness, which allows qualitative estimation of tissue elasticity characteristics. However, palpation is not very accurate because of its poor sensitivity with respect to small and deeply located lesions as well as to its limited accuracy in terms of morphological localization of lesions. Elastography a new imaging modality based on ultrasound is of growing interest, because of its capability to visualize elastic properties. In addition to tumors in soft tissue, elastography is able to detect calcifications in blood vessels, for example in the coronary arteries. With this new method (Fig. 2 ) small displacements are determined between ultrasonic image pairs, which are acquired under varying small axial compression, using a cross-correlation analysis of corresponding echo-lines within RF-data sets. The derivative of displacement field is equal to the strain in tissue. The strain imaging system uses the fast phase root algorithm for strain estimation leading to a frame rate up to 40 frames per second [6] . In an experiment to reconstruct the elastic properties, as shown in Fig. 3 , an ultrasonic tissue mimicking gelatine phantom containing a harder 7 mm diameter cylindrical agar inclusion was imaged using the elastography system and a step motor with a compressor plate to generate a plane strain state. Unfortunately, strain images do not represent quantitative measure of elasticity, because they do not take account of how the stresses are distributed in the medium and therefore provide only approximate measures of tissue elasticity. Artifacts in strain images as shown in Fig. 2a ) occur due to stress decay and stress concentrations at internal tissue boundaries. Better images can be obtained by exploring the feasibility of reconstructing tissue elasticity within the framework of solving the inverse problem. However, inverting measured responses, such as strain distribution, prove to be difficult due to instability problems and it requires the complete understanding of the equivalent forward problem using a finite element (FE) simulation technique. The simulation procedure for effective modelling of the elastographic problem, as shown in Fig. 3b) , contains three composite, and interactive parts, i.e., (1) mechanical tool giving the simulated axial / lateral displacement and stress at each of its nodes after the application of the external compression on the specimen; (2) acoustical tool measuring the acoustic RF-signals and images inside the phantom before and after compression; (3) and image formation technique giving the estimates of the displacement field, strain distribution and elasticity image. The numerical simulations were performed using a standard finite element program. To simulate the mechanical behavior of the tissue-mimicking phantoms, a two-dimensional mesh consisting of 2236 eight-node, isoparametric, arbitrary quadrilateral elements, designed for incompressible or nearly incompressible plane strain applications, was used. In order to reproduce the experimental setup, boundary conditions shown in Fig. 4a) were applied to the model. All nodes on the upper and lower boundary can move freely in xdirection, whereas the movement in y-direction is prescribed. In all FE-analyses, the Young's modulus of the inclusion was greater than surrounding Material. The Poisson's ratio of both parts was set to 0.495 defining nearly incompressible tissue like Materials [7] . The experimentally obtained images of displacement and strain distributions are seen in Fig. 5 according to the same applied boundary conditions using an inhomogeneous gelatine phantom and the reconstruction method. In order to calculate the distribution of elastic modulus from the displacement field, we use a so called direct method proposed by Sumi, Suzuki & Nakayama [8] . Referring to this method the equilibrium conditions are treated as linear, partial differential equations for the shear modulus using the measured strains and their derivatives as known parameters. This approach reduces the inverse problem of Phantom width /mm Phantom width /mm elastography to a direct problem and leads to an approximation of the elastic or the shear modulus of the inclusion relative to the surrounding material.
Medical Results of Elastography
During the ongoing clinical study at the Urology Hospital of the Ruhr-University Bochum (Marien-Hospital Herne) on prostate tumor diagnosis, more than 216 patients have undergone clinical examinations. It has been shown, that our system for real time ultrasound elastography is able to detect the prostate carcinoma with a high grade of accuracy reaching a sensitivity of 76% and a specificity of 84%, compared with only 34% using ultrasound BMode images alone. Fig. 6 shows an example, where prostate slices with histological diagnosis following radical prostatectomies act as reference. Cancerous areas have been stained and marked on the prostate slices. In a second study we have 56 patients (preliminary results) suspected from either digital rectal examination (DRE) and/or PSA (blood) and/or transrectal ultrasound (TRUS), undergoing sextant needle biopsy assisted with real time strain imaging, where the "gold standard" is the needle biopsy result, 85% of the cancer patients were correctly recognized and 61% of needle specimen were correctly classified. 
Electrorheological Fluids as a Basis for the Tactile Display
If the consistency of an inhomogeneous object is simulated on a haptic display, kinesthetic as well as tactile aspects are concerned. This complex haptic phenomenon is relevant in medicine where a physician makes a diagnosis by palpating an organ or tissue of a patient. 
For simulating the stiffness distribution of an object an array of tactile elements is being fabricated. In order to achieve a high spatial resolution of few millimeters a miniaturized design for each single element has to be achieved. To limit the physical size of the actuator array the tactile elements use an electrorheological fluid (ERF), whose viscosity can be controlled by the application of an electric field. A single cell (Fig. 8a) consists of a pair of parallel electrodes. The space between these electrodes is filled with ERF. A piston can be moved parallel to the electrodes within the ERF. The force to move the piston is largely determined by the viscosity of the ERF. For larger arrays a large number of single elements has to be fabricated. The technology of injection moulding offers a cost effective method of producing any needed number of modules from different thermoplastic materials. These can then be stacked to arrays of required dimensions. Various modifications of the piston have been investigated with best results for a metallic piston [9] . For force measurements on different ERF cells a stepper motor driven apparatus has been built. The resistance force increases linearly with the downward displacement of the piston, which is due to an enhancement of the active area of the electrodes. The force depends on the electric field strength applied and on the properties of the ERF. For the most convenient ER fluid, as shown in Fig. 9 , a force of nearly 10 N on a larger actuator with a piston head of about 1 cm 2 area could be achieved at a field strength of 2 kV/mm. The control unit of the actuators with voltages of up to 2 kV and a very low current flow required new switching concepts based on special light sensitive semiconductor material (Galiumarsenid, GaAs) [10] . The GaAs elements are controlled from a digital output computer interface via an identically sized special LED array. The GaAs array can provide high voltage optically isolated outputs and control the electric field in the ERF.
Conclusion
The first integrated haptic sensor actuator system based on ultrasound real time elastography and electrorheological fluids is being developed and tested with interesting applications of virtual reality in medicine. The system has the potential of improving cancer detection and allows a more reliable diagnosis. We combine the new results of elasticity images to reconstruct virtual objects on the actuator haptic screen with improving resolution. The haptic display can allow users to palpate the patient's prostate or breast, while imaging and while making a biopsy.
